Abstract The observed bimodal patterns of breast cancer incidence in the U.S. suggested that breast cancer may be viewed as more than one biological entity. We studied the factors potentially contributing to this phenomenon, specifically focusing on how disease heterogeneity could be linked to breast carcinogenesis mechanisms. Using empirical analyses and population-based biologically motivated modeling, age-specific patterns of incidence of ductal and lobular breast carcinomas from the SEER registry (1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003) were analyzed for heterogeneity and characteristics of carcinogenesis, stratified by race, stage, grade, and estrogen (ER)/progesterone (PR) receptor status. The heterogeneity of breast carcinoma age patterns decreased after stratification by grade, especially for grade I and III tumors. Stratification by ER/PR status further reduced the heterogeneity, especially for ER(?)/PR(-) and ER(-)/(-) tumors; however, the residual heterogeneity was still observed. The number of rate-limiting events of carcinogenesis and the latency of ductal and lobular carcinomas differed, decreasing from grade I to III, with poorly differentiated tumors associated with the least number of carcinogenesis stages and the shortest latency. Tumor grades play important role in bimodal incidence of breast carcinoma and have distinct mechanisms of carcinogenesis. Race and cancer subtype could play modifying role. ER/PR status contributes to the observed heterogeneity, but is subdominant to tumor grade. Further studies on sources of ''remaining'' heterogeneity of population with breast cancer (such as genetic/epigenetic characteristics) are necessary. The results of this study could suggest stratification rather than unification of breast cancer prevention strategies, risk assessment, and treatment.
Introduction
Multiple clinical, pathological, and molecular analyses support the theory that breast cancer is a heterogeneous disease [1] [2] [3] . In 1957, Armitage and Doll [4] demonstrated that the age-specific patterns of incidence of some solid cancers had linear slopes on a logarithmic scale. Later, two peaks were identified in the slopes of several solid cancers, including breast cancer, suggesting that at least a two-disease model was required to describe each component [3, [5] [6] [7] . The bimodal age pattern of breast cancer incidence with the Clemmesen's hook corresponding to the dip between the bimodal peaks [9] suggested the existence of two different rate curves-specifically of early and late forms of breast cancer [8] [9] [10] [11] . Recently, two peaks of breast cancer incidence were observed in patients at the ages of 50 and 70 years in the categories of histopathological subtypes, hormone receptor status, tumor characteristics, and molecular signatures, suggesting a link between breast cancer etiology and outcome [3, 5, [12] [13] [14] .
It is still not well understood which factors contribute to the Clemmesen's hook and how the bimodality of breast carcinoma patterns could be linked to specific characteristics of breast carcinogenesis in humans. As the results obtained from animal and in vitro experiments cannot fully represent the processes occurring in humans, populationbased modeling of breast carcinogenesis might be a useful option. We hypothesized that the observed bimodality in the age patterns of breast cancer incidence is a multi-component phenomenon (i.e., multiple factors can contribute to it, and the contribution of each factor can be more or less pronounced), and these factors could also be linked to breast carcinogenesis mechanisms. Thus, it is possible to build a ''bridge'' between the heterogeneity of a population of patients with breast cancer (e.g., by age, race, risk factors, or genetic/epigenetic characteristics) and tumor heterogeneity due to the different mechanisms of carcinogenesis.
Data and methods

Data
The patterns of incidence in breast carcinomas as they relate to patient age were analyzed using SEER registry data. This program has collected data on ER and PR statuses since 1990; therefore, we performed analyses on 1990-2003 data. The codes 850 and 852 (ICD-O-2) were used for ductal and lobular breast carcinomas, respectively. Grade I (well differentiated), grade II (intermediate differentiation), and grade III (poorly differentiated) tumors were analyzed. Hormone receptor status was coded as estrogen receptor-positive [ER(?)], progesterone receptorpositive [PR(?)], receptor negative [ER(-), PR(-)], missing, borderline, or unknown. For this study, the missing, borderline, or unknown data were combined into one ''Unknown'' group to control for data completeness.
Statistical methods and carcinogenesis modeling
The incidence rates were calculated per 100,000 personyears. The age structure of the SEER registry population in 2000 was chosen as a standard population. We considered one-year age-specific incidence rates for ductal and lobular carcinomas for Caucasian and African-American females.
The age-specific incidence rates were analyzed using the Armitage-Doll model with a random frailty, which takes into account individual predisposition to cancer. This model demonstrated a better fit than others (such as the two-stage clonal expansion model and models with hidden frailty); for a detailed description of the model selection procedure, see Section 7.3 in Manton et al. [7] . To evaluate the model fit for age-specific patterns of incidence, the residuals were analyzed; the fit was considered good when all residuals fluctuated randomly around zero, without abnormally large values (i.e., staying between -2 and ?2 on the Y scale), age periods with regular (i.e., non-stochastic) behavior, and large periods with residuals of the same sign (i.e., plus/minus).
The age patterns of tumor incidence were analyzed for homogeneity. Homogeneous patterns (total and histotype-, grade-, and hormone receptor status-specific) were defined as patterns that could be well-described by the model we used for analysis with a good fit. In an ''ideal'' case, a homogeneous population could be described as a population of individuals with exactly the same cancer risk predisposition/susceptibility, as was done in the classic Armitage-Doll model or its extensions, the MoolgavkarVenzon-Knudson-type (MVK) models. However, these models failed to describe the age patterns of cancer incidence in patients of advanced age (80? years), where a decline in incidence is observed. This decline can be reproduced considering that individuals in this population are distributed in accordance with their individual predisposition/susceptibility to cancer risk. Therefore, when observed age patterns could not be described by the Armitage-Doll model with a good quality of fit, the population is considered heterogeneous. This indicates that the population could consist of two or more subpopulations that differ in cancer risk, resulting in the bimodal distribution of cancer incidence. This points toward the existence of distinct subpopulations with specific genetic or epigenetic characteristics or patients that differed in their exposure to a specific risk factor-this group gives rise to a smaller peak in a bimodal pattern.
In this study, ductal carcinoma was chosen for detailed analysis because it provided a number of cases large enough for stratification by each studied factor. A step-bystep analysis of the age-specific patterns of incidence was performed.
Step 1 included an analysis of stage-specific patterns of cancer incidence and how stage contributes to the observed heterogeneity of age patterns. For step 2, analyses were performed for race-stage-specific patterns to evaluate the contribution of race. For step 3, analyses were stratified by grade, race, and stage to study the role of tumor grade. Finally, step 4 included analyses of ER/PR status, grade, race, and stage to estimate the role that ER/ PR status plays in the bimodality phenomenon. At each step, decreases in heterogeneity were evaluated by analyzing the residuals and by estimating the significance of the results using the chi-square test for non-linear least squares, i.e., by evaluating v 2 per degree of freedom (DOF).
To investigate how heterogeneity in age-related patterns of breast cancer incidence could be linked to the mechanisms of breast carcinogenesis, a five-parameter version of the frailty model with a Weibull baseline was used to obtain the parameters characterizing carcinogenesis mechanisms:
In this equation, m was the number corresponding to carcinogenesis stage (''m''-from ''malignant'') or the number of rate-limiting events from cell initiation by exposure to carcinogen and to the moment when the malignant cell appeared; l (in years) represents the lag period (i.e., the period between the occurrence of first malignant cell and the date of cancer onset); c (in years) indicates the scale parameter related to the maximum age in cancer incidence age pattern; r 2 stands for the frailty distribution reflecting individual susceptibility to cancer risk; and n represents the parameter describing the shape of frailty distribution (n = 1, 2, and 0 correspond to gamma-distribution, inverse Gaussian distribution, and the distribution suggested in Manton et al. [7] , respectively; for n B 1, the model has a maximum with the age equaling l þ c mðm À 1ÞÂ ð ðn þ m À mnÞ À1 r À2 Þ 1=m . The initial age for modeling was identified as the minimal age of cancer incidence based on the results of empirical analysis. In addition to the base model (1), two simplified models were also used. The first was a model with n fixed to one (n = 1), which corresponded to gamma-distributed frailty.
The second was a model where lag was fixed at 20 years with the n = 1 condition (lag = 20, n = 1). Thus, to control for overparameterization, three scenarios were used: (1) all parameters were ''free'' or non-fixed; (2) n = 1; and (3) n = 1 and lag = 20. The results for the carcinogenesis parameters obtained from the analysis for all three scenarios were evaluated for their significance using the chi-square test.
Results
Grade-and hormone status-specific frequencies of ductal and lobular breast carcinomas are presented in Table 1 . For both types of carcinomas, among ER(?)/PR(?) tumors, grades I and II were diagnosed more often, and among ER(-)/PR(-) tumors, grade III was more commonly diagnosed. With increasing age (from 25 to 85 years), the frequencies of grade I and grade II tumors increased by 6-15%, and for ER(?) tumors, the frequency increased by 12-26%, whereas grade III carcinomas decreased by 12-25% and ER(-) tumors decreased by 22-25% (percents varied by race and cancer subtype). Poorly differentiated tumors were more commonly diagnosed in younger (\45 years) African-American females (in 44-54% of ductal cases and in 18-33% of lobular carcinomas; percents varied by age). This population group also displayed ER(-) ductal tumors more frequently than Caucasian females (21-30 vs. 11-19%, respectively).
The frequencies of the different stages at diagnosis in 1990-2003 are presented in Table 2 . For both subtypes, grade I tumors were more often diagnosed at earlier stages, whereas grade III tumors were most commonly diagnosed at advanced stages. From 1990 to 2003, the frequencies of in situ tumors of grade II and III slightly increased, especially for lobular carcinomas, whereas the distribution of other stages remained almost unchanged.
Analyses of heterogeneity in carcinoma incidence patterns
Age patterns of incidence of ductal and lobular invasive carcinomas were analyzed grade-specifically ( Fig. 1 ). In patients with ductal carcinomas, grade III prevailed over grade I, especially at younger ages, which suggests an important role for the formation of the first component of the bimodal pattern. In patients with lobular carcinomas, the slight predominance of grade III tumors over grade I was observed in patients younger than 50. Grade II tumors were observed at a higher rate than grade I or III in women older than 50 years for ductal, and at all ages for lobular carcinomas.
Age patterns of ductal carcinoma incidence were analyzed for all stages together and separately for invasive carcinomas using the five-parameter model (1) . A onedisease model was applied to the incidence curve to emphasize the presence of the second component; a substantial increase in residuals was noted in patients aged 30-50, suggesting the existence of an early-onset component (Fig. 2) . In invasive-alone cases, the Clemmesen's hook became slightly less pronounced than for the all-stage analysis; however, the decrease in the first component (i.e., ''early-onset'' cancer) was not significant (Fig. 2) (note that the ''early-onset'' component was excluded from the optimization procedure while estimating the chi-square value to describe the fit of the one-disease model).
Next, the age patterns of invasive ductal carcinoma were analyzed according to race using a model with fixed n = 1 and lag = 20 for Caucasians and African-American combined and for Caucasian females alone. For Caucasian females, the residuals had a tendency to become less pronounced, which suggests that race could contribute to breast cancer bimodality; however, the chi-square values were still high (Fig. 3) .
Further analyses were performed grade-specifically. Heterogeneity decreased for all three grades compared to non-grade-specific analysis (Fig. 4 compared to Fig. 3 ): the most pronounced decrease was observed for grade III (v 2 1.89), followed by grade I and grade II tumors. Finally, the analysis was stratified by ER/PR status. The results from the most common combinations, such as ER(?)/ PR(?), ER(?)/PR(-), and ER(-)/PR(-), are shown in Fig. 5 : the most ''improved'' homogeneity (compared to non-ER/PR-specific analysis) was registered for ER(?)/ PR(-) tumors (v 2 1.01, 1.42, and 1.23 for grades I, II, and III, respectively) and for ER(-)/PR(-) tumors (v 2 0.79, 1.09, and 1.79, respectively). There was still heterogeneity that remained among the ER(?)/PR(?) tumors, especially for those of grade II.
Therefore, heterogeneity decreased substantially (see the residuals and chi-square test) when the analysis was specified by grade; additionally, ER/PR status contributed to ''decreasing'' heterogeneity, but to a less extent than grade. The contributions of stage and race were not statistically significant, but they played roles in reducing the observed bimodality of breast cancer incidence. Note that the remaining minimal heterogeneity observed for ER/PRspecific patterns suggested the effects of other factors beyond the scope of this study.
Carcinogenesis modeling: assessments of characteristics
To investigate whether factors contributing to breast cancer bimodality could be linked to specific mechanisms of carcinogenesis, analyses of breast carcinogenesis mechanisms associated with empirically observed age-specific patterns were performed, and these analyses took into To avoid the possible effects of a correlation between m-stages and lag, the scenario of n = 1 and lag = 20 was used. For both cancer subtypes in both races, decreases were observed for m-stages with a gradient from grade I (the highest number of m-stages) to grade III (the least number of m-stages) tumors. No statistically significant differences in the number of m-stages were observed among all seven combinations of ER/PR status for the cancer subtypes. Due to the absence of a modifying effect on carcinogenesis parameters caused by hormone receptor status, the subtype-, race-, and grade-specific characteristics of carcinogenesis were selected for further detailed analysis.
The option with n = 1 was used for latency period analyses (see Table 3 ). A decrease in m-stages and shorter latency were observed from grade I to grade III for both 
years).
Breast lobular carcinomas tended to have more m-stages and longer latency than ductal tumors (see Table 3 ). However, for m-stages, the differences in most cases were less than one stage. With regard to latency, subtype-specific differences were observed predominantly in AfricanAmerican females. In these patients, the lag period was about 5.3-13.4 years longer for lobular than ductal carcinoma, and it varied by grade.
Ductal carcinomas in African-American females tended to have fewer m-stages and shorter latencies than those in Caucasians, whereas the opposite association was observed for patients with lobular carcinomas (see Table 3 ). The race-specific differences for m-stages were less than one stage for both subtypes. Caucasian females had a longer latency period for ductal carcinomas by about 4.3 years than African-Americans and a shorter latency for lobular carcinomas by about 6.1-7.2 years.
Therefore, the differences between the grades of differentiation suggested that each grade could be described as having its own number of m-stages and latency. Race and cancer subtype may also differ in their characteristics of carcinogenesis, particularly by latency period, suggesting that these factors can modulate the mechanisms of carcinogenesis; however, these factors were less important than tumor grade.
Discussion
The bimodality of age-specific patterns of breast carcinoma incidence observed in our study was in agreement with other studies describing breast cancer as a disease with ''early-'' and ''late-onset'' components [1] [2] [3] . Our study allowed for deeper analysis of the sources and mechanisms causing this heterogeneity. We used a biologically motivated model that was specified by cancer subtype (ductal and lobular), race, stage, grade, and hormone receptor status, thus extending existing breast carcinogenesis models [6, [15] [16] [17] [18] [19] . The results demonstrated that grade plays the primary role in breast cancer heterogeneity, with ER/ PR status ''strengthening'' the grade effect. Using relatively short period of time in this study (from 1990 to 2003) allowed us to minimize the period and cohort effects. In our earlier SEER-based studies of breast carcinoma the m-stages parameter (which was the main focus of our model in this study) was stable in respect of time period effect (see Table 7 .3 in [7] ). Based on Anderson et al. [5] , it could be suggested that for time period analyzed in this study the period-cohort effects on breast cancer bimodality and Clemmesen's hook are minor: the age-related effects on breast cancer incidence have been shown to be more important (about 10-fold greater) than calendar period or birth cohort effects [5] .
A steady increase in lobular carcinoma incidence suggests the importance of studying its mechanism [20] . A shorter latency period of ductal compared to lobular carcinoma obtained from our analysis could be due (at least in part) to higher proliferation and apoptosis [21] . Our results are also in agreement with other molecular studies on cancer proliferation, biology, and genetics, which demonstrated that lobular tumors exhibited similarities to low-grade ductal tumors [22] [23] [24] . Several studies have revealed a striking similarity between in situ and invasive breast cancers, where all markers correlated with grade rather than with tumor invasiveness [22, [25] [26] [27] , and there was a good concordance between grade in primary and metastatic tumors [28] [29] [30] . Recent molecular studies have demonstrated that qualitative and quantitative differences exist between ER(?) and ER(-) tumors and between low-and highgrade cancers, but not among different stages [22, [31] [32] [33] [34] . After taking into account that grade III tumors in our study were more often diagnosed at advanced stages, and grade I tumors were more likely to be diagnosed at earlier stages, the differences obtained between the grades for a number of m-stages and lag could be even more pronounced. Further detailed analyses of the effects of stage at diagnosis on carcinogenesis parameters are required with the model generalization describing cancer cases registered at certain stages (as registered in the SEER registry), such as the ''time-to-next-stage'' model (an approach similar to that obtained from cancer survival modeling).
The majority of grading systems (e.g., the ScarffBloom-Richardson method) combine histological assessment of nuclear pleomorphism, mitotic activity, and tubule formation [35] . However, our results suggest that tumor grade can differ not only by histological characteristics, but also by developmental mechanisms. The results showing fewer m-stages and shorter latency periods associated with poorly differentiated tumors obtained from our analysis were concordant with molecular studies of proliferation/ apoptosis-related markers showing that mitotic/apoptotic activity was higher in poorly differentiated tumors [34] .
More recent molecular studies have suggested that breast cancer grade may be associated with distinct molecular subtypes with unique origins and pathogenesis, thus requiring distinct molecular targets for treatment [36] . In our study, grade II tumors demonstrated the highest heterogeneity, and they had carcinogenesis characteristics intermediate between grades I and III. This is in agreement with other studies that showing that grade I and III breast tumors have distinct gene expression profiles, whereas the gene expression profiles of grade II tumors were intermediate or a heterogeneous mixture of grades I and III profiles, with two components of different molecular and tumorigenic characteristics [36] [37] [38] .
The results we obtained were in agreement with other studies that reported an association between grade I and ER-positive tumor characteristics and between grade III and ER-negative tumor characteristics [39, 40] . The ER/PR status showed less contribution to the bimodality phenomenon than grade. A recent breast cancer gene expression study has demonstrated that grade is more strongly associated with breast cancer clinical outcome than ER status [38] . In our study, ER(?)/PR(-) tumors were the most homogeneous for all grades. These tumors have recently been described to be growth factor-dependent, constituting a unique subgroup of ER? patients [41] . Our results also demonstrated that factors beyond the scope of this study likely contributed to the remaining heterogeneity of ER(?)/PR(?) tumors and less to ER(-)/PR(-) grade III tumors. The importance of these factors have recently been shown in several molecular studies where gene expression patterns have been used to classify the tumors into clinically relevant subgroups (such as by expression of luminal epithelial specific genes) associated with different clinical prognoses and age at disease onset [42, 43] . Further analysis is required to determine whether luminal A and B subtypes of ER(?) tumors, and HER-2(?), basal-like, and normal breast-like subtypes of ER(-) tumors could explain this remaining heterogeneity [44, 45] as well as how variations in the population of breast cancer patients by other genetic and epigenetic characteristics contribute to the remaining heterogeneity.
Study limitations
As the estimates of carcinogenesis characteristics were obtained within our model which assumed that carcinogenesis is a multistage process, model dependence is one of the limitations of our approach. This limitation is common in carcinogenesis modeling approaches. However, we reviewed and tested a spectrum of different carcinogenesis models based on different assumptions, and we concluded that the model we chose describes age patterns of incidence rates most adequately. Underlying cancer heterogeneity could not be currently captured by specific groupings, and the inclusion of further tumor classifications, such as molecular pathway-specific analysis, could help further decrease tumor heterogeneity. Other assumptions include the stage at diagnosis, which was not explicitly incorporated into our model; however, we took other assumptions into account when analyzing their influence on breast carcinoma bimodality and their possible effects on gradespecific characteristics of carcinogenesis. Future studies involving modeling of stage-to-stage progression and the transition time between stages could be applied to data that are stratified by stages.
Conclusions
Among the studied factors, grade plays the primary role in the heterogeneity of breast cancer age patterns, and hormone receptor status has an important biological impact due to its association with the ''remaining'' heterogeneity. In this study, the approach of biologically motivated mathematical modeling was applied to the specific analysis of breast carcinogenesis with various factors taken into account. The grade-specific differences in carcinogenesis permitted speculation regarding tumor grades being associated with certain carcinogenesis characteristics, such as the number of m-stages and latency. A common biological mechanism may be unique to grade-specific breast carcinomas. The different mechanisms could determine the different molecular pathways associated with each cancer subtype and subsequent progression and outcome. For example, breast carcinomas in young females are characterized by more aggressive phenotypes; however, the biological underpinnings driving this phenomenon are largely unknown. Recently, analyses of the patterns of gene expression have provided a genetic explanation explaining the highly aggressive phenotype of grade III breast tumors in young females [46] . Further analyses of breast cancer heterogeneity in female populations could refine our understanding of breast carcinogenesis and have important implications for the stratification, rather than unification, of breast cancer prevention strategies, risk assessment, and treatment. The developed model could be used for estimation of ages at highest risk of potential carcinogens exposure (e.g., obesity, aryl hydrocarbon or xenoestrogens exposure, ionizing radiation, alcohol) for grade-ER/PRspecific breast cancers of ''early'' and ''later'' onsets to make prevention strategies focused on tumor-initiating events. Incorporation of genetic and epigenetic characteristics of patients into the model will allow developing of more individualized approach to cancer prevention and screening. By incorporating the molecular data, the model could be further developed to understand the normal and pathological breast cells growth [45, 47, 48] , as well as for studying the effects of therapy targeting cancer-initiating progenitor cells.
